Brood parasitic cuckoos lay their eggs in other birds' nests, whereafter the young cuckoo hatches, ejects its nest-mates and monopolizes the care of the host parents. Theory predicts that hosts should not evolve to recognize and reject cuckoo chicks via imprinting because of the risk of mistakenly imprinting on a cuckoo chick in their first brood and thereafter always rejecting their own chicks. However, recent studies have revealed that some hosts do reject cuckoo chicks from the nest, indicating that these hosts' recognition systems either do not rely on first brood imprinting, or use cues that are independent of chick phenotype. Here, we investigate the proximate mechanisms of chick rejection behaviour in the large-billed gerygone (Gerygone magnirostris), a host of the little bronze-cuckoo (Chalcites minutillus). We find that gerygones use true template-based recognition based on at least one visual chick trait (the number of hatchling down-feathers), and that this is further mediated by experience of adult cuckoos at the nest during egg-laying. Given the theoretical constraints of acquiring recognition templates via imprinting, gerygones must possess a template of own-chick appearance that is largely innate. This true recognition has facilitated the evolution of very rapid hatchling rejection and, in turn, striking visual mimicry of host young by little bronze-cuckoo chicks.
Introduction
Brood parasitic cuckoos impose heavy costs on their hosts, selecting for the evolution of host defences against parasitism [1] [2] [3] . The most widespread defence is egg rejection, and many hosts have evolved highly refined abilities to detect and eject eggs that differ in appearance from their own [4, 5] . Curiously, however, these same hosts typically fail to reject the parasitic chicks once hatched, despite the imposters having a clearly distinct phenotype from the host's own young [2, 6] . Several theoretical solutions to this longstanding puzzle have been proposed (reviewed in [7] ). One explanation is that the costs of recognition errors may constrain the evolution of learned cuckoo chick discrimination in hosts wherever cuckoos evict the host eggs from the nest soon after hatching [8] . Lotem suggested that if hosts learn the appearance of their own chicks through imprinting on their first brood, a host parasitized during its first breeding attempt would falsely imprint on the lone foreign chick as its own young and thereafter reject its own offspring for the rest of its life [8] . The same problem would not impede the evolution of egg rejection, because even parasitized hosts are exposed to some of their own eggs during the egg-laying and incubation phases.
Lotem's hypothesis provides an explanation for the lack of true learned recognition of cuckoo chicks (assessment of the match between the template for a hosts' own young and the phenotype of the parasite chick) by hosts [8] . However, some hosts have evolved the ability to discriminate cuckoo chicks using 'recognition-free' mechanisms [9] [10] [11] . Recognition-free discrimination involves identifying the parasite chick from cues other than chick phenotype, thereby avoiding the risk of mis-imprinting [7, 10, 12] . It has been shown to be the primary process operating in two hosts of evicting cuckoos. Hosts of Horsfield's bronzecuckoo (Chalcites basalis) use the presence of a lone chick in the nest and the presence of adult cuckoos in the population as cues for abandoning parasitized nests [9] . Similarly, reed warbler (Acrocephalus scirpaceus) hosts of common cuckoos (Cuculus canorus) cue into the duration of parental care, abandoning chicks that remain in the nest for longer than the typical host nestling period [10] . These studies demonstrate that recognition-free discrimination provides hosts with a pathway for cuckoo chick rejection that circumvents the costs of mis-imprinting. Our aim is to test whether cuckoo chick discrimination can also evolve through true recognition, despite the theoretical costs of mis-imprinting proposed by Lotem [8] . One plausible way in which this could occur is if discrimination is largely innate, rather than learned [11] . In theory, true recognition has a significant advantage over some recognition-free mechanisms, because it can take place immediately upon hatching of the parasite chick, allowing the host to remove the cuckoo before it evicts host young. To date, no studies have demonstrated true recognition of parasite young. However, indirect evidence for this mechanism in some hosts stems from the apparent nestling or fledgling mimicry of host young by cuckoos [13 -16] . Just as occurs at the egg stage, selection for mimicry might arise through host rejection of chicks with non-matching phenotypes [7, 15] .
The gerygone (Gerygone spp.) hosts of Australia's little bronze-cuckoos (Chalcites minutillus) are strong candidates for using true recognition of chicks. Despite typically suffering high parasitism rates, gerygones do not reject bronze-cuckoo eggs [13, 14, 17] . Instead, gerygones have the most effective known form of chick rejection because they reject cuckoo chicks by dragging them out of the nest within hours of hatching [13, 14, 18] , sometimes succeeding in removing the cuckoo nestling (a nest-mate evictor) before it has a chance to evict the host young from the nest. Most Australian bronze-cuckoo species lay non-mimetic eggs, but their chicks are excellent visual mimics of host young, with each subspecies matching the colour of nestling skin, rictal flange and down-feathers of their favoured host species [15, 19, 20] . The little bronzecuckoo is a particularly accurate mimic of host young [15] , and it is unique among cuckoos in displaying multi-barbed nestling down-feathers, which are typical of passerine nestlings including their hosts, but are otherwise unknown in the cuckoo family [15] .
Here, we use experimental manipulations to establish for the first time the mechanisms by which gerygones recognize and reject little bronze-cuckoo nestlings. We test for three non-mutually exclusive recognition-free cues (hatch order, the presence of an adult cuckoo and discordancy) and one true recognition cue (nestling down-feathers) that may be used to facilitate chick rejection. The presence of an adult cuckoo in the nest's vicinity has been shown to be an important component of chick rejection decisions in another bronze-cuckoo host [11] . Hatch order is also a possible recognition-free cue [21] , because cuckoo eggs typically require a shorter incubation period and usually hatch 1-2 days before gerygone young [22] . However, this cue would only be useful in conjunction with another cue, indicating that the nest has been parasitized. Recognition by discordancy involves assessment of the differences between chick phenotypes within the same brood and rejection of the least common phenotype [23, 24] . In the absence of true recognition, discordancy might favour visual mimicry of host young by cuckoos, provided that the cuckoo and host chicks are present in the nest together prior to rejection, and that host chicks typically outnumber cuckoos.
Material and methods (a) Study area and species
We carried out our study from August to December 2016 along creeklines in and around Cairns, Queensland, Australia (16855 0 S, 145846 0 E) on a population of large-billed gerygones (Gerygone magnirostris) that experience high rates of parasitism by little bronze-cuckoos (63-65% [17] ; this study). Little bronze-cuckoos were seen or heard, and parasitism occurred, at all creeks in the study. The large-billed gerygone builds untidy domed nests using grass, moss and spiders' egg-sacks, usually overhanging water [25] . Gerygones lay one egg every second day over a period of 4 -8 days (average clutch: mean + s.e. ¼ 3 + 0.09, range: 1 -5, n ¼ 100) and start incubation when their clutch is complete [25] . Cuckoos lay a single egg per host nest, during or shortly after the hosts' egg-laying period, and usually remove one host egg during the same visit. Two or three different females may lay in the same host nest [17, 26] . Hosts mob the cuckoo if it is detected during laying, but mobbing has not been observed to prevent parasitism [17] .
(b) General experimental methods
We located 54 large-billed gerygone nests during the nest-building phase by searching along creeks, rivers and lakes. Of these nests, 35 (65%) were subsequently parasitized by one (n ¼ 30) or two (n ¼ 5) cuckoos, and 19 were not parasitized. We checked nest contents daily to allow clutch manipulation as soon as eggs appeared and before incubation began. From hatching day, we monitored all 54 nests to determine whether nestling rejection occurred. Parasitized nests were filmed or observed continuously from hatching until host chick eviction (by cuckoo chicks) or cuckoo chick rejection (by host parents) occurred. When cuckoo chicks evicted host young and became the sole occupant of the nest, we continuously monitored the nest for at least a further 2 days during daylight hours to document any chick rejection or nest predation. In total, 19 nests (16 parasitized and three unparasitized) were monitored from 06.00-07.00 to 17.00-18.00 by an observer in a hide (approx. 5 m from nest) using binoculars, 17 nests (16 parasitized and one unparasitized) were filmed continuously with a video camera (Panasonic, HC-VX870M) and the remaining 20 nests (three parasitized and 15 unparasitized) were monitored with daily nest checks to determine whether any chicks were missing. If a host chick was missing from an unparasitized nest, we concluded that the host had rejected the chick. This conclusion is based on the lack of observations of partial predation in our study site (other than when an egg was stuck to or embedded in the lining of a depredated nest) and the fact that nest predation usually results in nest damage as the predator forces entry into the dome nest. If a nest check revealed that all chicks in the nest were missing, we concluded that the nest had been predated. We excluded three unobserved disappearances of cuckoo chicks from our analyses, because in each case the cuckoo chick was alone in the nest so we could not determine whether it disappeared due to ejection or predation. Three host chicks that died in the nest on the day after hatching day were excluded from the analysis because we have no evidence either for or against the idea that dead chicks were rejected. We calculated 'time to ejection' to the nearest day (hatch day ¼ 0 days). In our experiments, we first rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180726 manipulated exposure of hosts to an adult cuckoo using a crossfostering experiment, and then randomly assigned nests to (i) a hatch-order manipulation experiment, (ii) a feather trimming experiment, or (iii) both the hatch order and the feather trimming experiment (see electronic supplementary material, figure S1 ).
(c) Manipulation of opportunity to observe an adult cuckoo at the nest
To assess whether hosts' exposure to an adult cuckoo at the nest influenced chick rejection rates, we cross-fostered cuckoo eggs from some parasitized nests to unparasitized nests to create two conditions among nests containing one or two cuckoo eggs: naturally parasitized, such that parents had the opportunity to observe a cuckoo lay at their nest (nests: n ¼ 22, chicks: n ¼ 25), and artificially parasitized nests where adults did not see a cuckoo lay in their nest (nests: n ¼ 13, chicks: n ¼ 15). Two sources of evidence suggest that parents of naturally parasitized nests are likely to have had the opportunity to observe a cuckoo entering the nest. First, we filmed parasitism of the nest on three occasions and, in every case, the gerygone parents mobbed the cuckoo [17] . Second, although we cannot be certain that all naturally parasitized hosts observed the cuckoo during parasitism, it is certain that more gerygones in the 'naturally parasitized' group will have seen or interacted with a cuckoo at their nest than did gerygones in the 'artificially parasitized' group.
(d) Manipulation of hatch order and discordancy
Cuckoo eggs usually hatch 1 -2 days before host eggs [22] . To determine the effect of hatch order on chick rejection, we delayed the hatching of cuckoo eggs (n ¼ 12) by 5 days. We removed each freshly laid cuckoo egg and stored it in a cool, dark place. We replaced it temporarily with a non-viable gerygone egg, which had been collected from a depredated or abandoned nest (depredated nests sometimes contained intact eggs, if they were stuck to the nest lining). After 2 days of incubation, we removed the dummy egg and returned the cuckoo egg to the nest, such that any host eggs in the nest hatched 1 -2 days before the cuckoo chick. As a control, we used the same procedure to remove and later replace a single gerygone egg from unparasitized nests (n ¼ 14). Five cuckoo chicks also hatched later than host young naturally and these were included in the dataset. When a cuckoo chick or chicks are the minority species in the brood, hosts may discriminate via discordancy and reject the most dissimilar chick or chicks. This recognition-free mechanism requires that cuckoo and host chicks are present in the nest at the same time, and that host chicks reliably outnumber cuckoos. In combination, our cross-fostering and hatch-order manipulations varied the composition of chicks in the nest at the same time, and thus allowed us to test for evidence of discordancy as a rejection cue by comparing rejection rates when the cuckoo chick was (n ¼ 8) or was not (n ¼ 32) the brood's minority species.
(e) Manipulation of chick morphology
To assess whether gerygones' rejection of cuckoo chicks is based on true recognition, and specifically on the recognition of nestling down-feathers, we manipulated hatchlings' feathers in a subset of nests (n ¼ 32). On the day of hatching, we used nail scissors to trim the down-feathers of either one cuckoo chick (n ¼ 13, including one naturally naked cuckoo chick) or one gerygone chick (unparasitized nests: n ¼ 16, parasitized nests: n ¼ 4) in the nest (figure 1). We compared the rate of rejection of trimmed chicks with that of chicks that were handled on hatching day, but did not have their feathers trimmed. We also counted the number of down-feathers of all chicks on hatch day, prior to the manipulation, to quantify natural variation in feather density and weighed chicks four times (hatching day, and 3, 7, and 13 days old) to test whether the manipulation otherwise affected chick growth.
(f ) Statistical analyses
We used a generalized linear model (GLM) with a binomial distribution and a logit link using all chicks (full dataset) to assess parental responses to the chicks (accept/reject) according to (i) the presence or absence of down-feathers, (ii) hatching order, (iii) whether or not host was exposed to adult cuckoo and/or (iv) whether or not a cuckoo chick was in the minority in the nest. The independent variables were species (cuckoo or host), the four manipulations (all scored as yes/no: hatched first, feathers trimmed, naturally parasitized cuckoo visited the nest and cuckoo chick in the minority), hatching date and the two-way interactions between these variables. We also tested the quadratic term for the hatching date because seasonal trends are often nonlinear, but the result was the same. Initially, we attempted to run a mixed model controlling for nest identity as a random effect because there were multiple chicks in each nest, but this made the model unstable due to the small number of replicates in each nest. Instead, we ran a binomial GLM with a logit link function on a reduced dataset comprising only one experimental chick per nest (reduced dataset) and then compared the results from the full dataset and the reduced dataset. Where there was only one manipulated chick in the nest, this was included in the reduced dataset. If there were two experimental chicks or there was no manipulated chick in the nests, we selected one chick randomly. In addition, to identify which of these factors contributed significantly to the time to rejection, we used a GLM with a binomial distribution depending on whether or not they were rejected on the day of hatching using all rejected chicks. The independent variables were the same as in the former GLM analysis. Owing to the controversy over whether null hypothesis testing or information theoretic approaches are better for analysis of experimental studies [27] , we used both methods. We applied a backward-elimination procedure (tables 1 and 2), and the Akaike information criterion (AIC) was also used to support selection of the final model (best-fit model) (electronic supplementary material, tables S1 and S2). The results did not differ depending on the approach used; the significant effects as identified by the backward-elimination procedure were the same as the best model using AIC. We also evaluated multicollinearity using the variance inflation factor (VIF) in the models, and all VIF values were lower than the suggested threshold (greater than 10 [28] ). All statistical analyses were performed using R software v. 3.4.3 [29] .
Results
Our full dataset (all chicks in experimental nests) included 85 host chicks and 40 cuckoo chicks across 54 nests. During the course of our experiment, 36 chicks (both host and cuckoo) were rejected from 32 nests (although host chicks were only rejected following down-feather manipulations; see below). We captured nine rejection events on film at eight nests (see example in electronic supplementary material, video S1), and a further five rejection events were observed with binoculars. The remaining chick rejections by hosts were inferred from daily nest checks. In all filmed or observed cases, large-billed gerygones pulled living chicks out of the nests, and the parents then continued to care for the remaining eggs and nestlings. Ejected chicks were either dropped just under the nests or carried up to 3 m from the nest before being dropped. Chick species and the presence of nestling down-feathers were significant predictors of their rejection by gerygone hosts; cuckoos were more likely to be rejected than host chicks, trimmed chicks more likely to be rejected than untrimmed chicks in cuckoos and untrimmed host chicks were never rejected (table 1 and figure 2a). Hosts removed 93% of trimmed cuckoo chicks (13 of 14 chicks) and 56% of trimmed host chicks (11 of 20 chicks; figure 2a). Among untrimmed chicks, 50% of cuckoo chicks were rejected (14 of 28), while untrimmed host chicks were never removed (n ¼ 65 chicks, figure 2a), and trimming was the only manipulation that resulted in hosts rejecting their own chicks. Where cuckoo chicks did not have their down-feathers manipulated, host parents showed a non-significant tendency to reject those that had naturally fewer down-feathers (rejected: mean + s.e. ¼ 13 + 1.77, n ¼ 14; accepted: mean + s.e. ¼ 17.07 + 1.67, n ¼ 14; Student's t-test: t ¼ 21.67, p ¼ 0.1068). Similarly, our results from the reduced dataset showed that chick species and the presence of down-feathers were the most significant predictors of rejection (table 1) .
The timing of nestling removal further supports a role for direct species-specific chick cues in gerygones' rejection decisions. Cuckoo chicks were more likely to be rejected on the hatch day than host chicks, but whether or not a chick was trimmed did not influence the timing of its removal (table 2). All rejected cuckoo chicks were removed by hosts within 2 days of hatching, with 56% (14 of 25) and 36% (9 of 25) rejected on hatching day and the next day, respectively. Only 8% (2 of 25) were rejected 2 days after hatching (electronic supplementary material, figure S2 ). By contrast, just 18% (2 of 11) of rejected host chicks were ejected on hatch day, 36% (4 of 11) were removed the day after hatching and 46% (5 of 11) were rejected 2-3 days after hatching (electronic supplementary material, figure S2 ). In the case of cuckoo chicks, rapid rejection was necessary to preserve the host young in the nest: when hosts removed cuckoo chicks on hatch day, none of their own nestlings had yet been evicted by the cuckoo chick, while those cuckoo chicks rejected on later days had already removed some or all gerygone young (six out of 11).
Finally, we confirmed that hatchling down-feathers vary under natural conditions in both gerygone and cuckoo young. On average, large-billed gerygone nestlings had more downfeathers on the day of hatching (mean + s.e. ¼ 37. rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180726 chicks in 77% of cases, but based on experimental nests, hatch order had no significant effect on the probability of chick rejection (table 1) . Whether the cuckoo chick was in the minority in the brood also did not influence chick rejection decisions (table 1) . In addition, hatch order and whether or not a chick is in the minority in the brood did not affect the timing of its removal (table 2) . Host's rejection decisions were influenced in part, however, by the exposure to adult cuckoos in interaction with chick phenotype (table 1) , with hosts more likely to reject a cuckoo chick if it had been laid naturally into the nest than if it had been cross-fostered there from another nest by us (table 1 and figure 2b ). This was clearly evident among the sample of untrimmed cuckoo chicks; only 18% of untrimmed cuckoo chicks (two out of 11) from artificially parasitized nests were ejected, whereas parents that had the opportunity to observe adult cuckoos laying rejected 69% of untrimmed cuckoo chicks (11 out of 16; Fisher's exact probability test: p , 0.01; figure 2b). However, our results from the reduced dataset showed that the effect of whether the nest was parasitized naturally or artificially was trivial (table 1) , presumably due to dataset sample size differences.
Discussion
Hosts that reject parasite nestlings may do so based either directly on chick phenotype (true recognition) or on recognition-free cues. True recognition is assumed to be maladaptive for cuckoo hosts if it relies on an imprinted template [8] , and previous studies have found experimental support only for recognition-free mechanisms [9, 10] . Our results, however, provide the first experimental evidence that hosts can use true recognition when rejecting foreign nestlings, as large-billed gerygones regularly rejected nestlings that differed from their own offsprings' phenotype due to a lack of hatchling down-feathers. Gerygones combined this use of phenotypic cues with at least one additional chick-recognition-free cue, being more likely to reject cuckoo chicks when they had the opportunity to witness an adult cuckoo laying in the nest.
(a) Chick rejection based on true recognition
At least to the human observer, the number of down-feathers present on newly hatched chicks is the most obvious morphological cue available for discriminating between own and parasitic young; most host chicks have significantly more down-feathers than cuckoo chicks. Gerygones too were confirmed to use this cue in rejection decisions, being prompted to reject cuckoos, and even some of their own young, for which down-feathers were artificially removed. However, trimmed cuckoos were rejected at far higher rates than trimmed host young, indicating that gerygones use additional, as yet unidentified phenotypic cues. The begging calls of newly hatched chicks were audible to the human ear (H.-J.N. 2016, personal observation) and parents frequently made provisioning visits to the nest before they removed the chicks, so differences in begging call structure are a possible cue that warrants further investigation.
True recognition requires that hosts possess an internal template of the acceptable chick phenotype, to which they are able to compare cuckoo chicks. Given that to acquire this template solely through experience with a first brood would lead to maladaptively high rates of recognition error in the host of an evicting cuckoo [8] , a gerygone's template must have an alternative origin. One possibility is that chick templates are largely innate, driven by strong selection for correct identification of own and parasitic young. Such innate templates could still be refined through experience, in much the same way as songbirds have an innate template for their species's song that is refined through interactions with conspecifics [11] . Rejection decisions can then be further refined through the complementary use of recognition-free cues (discussed below). The resulting recognition and rejection system is certainly effective for large-billed gerygones in our study area, as we never observed the mistaken rejection of host young (other than those that were trimmed). Notably, however, Sato et al. [13] reported several cases of large-billed gerygones rejecting their own nestlings in a different study population, so it remains unclear whether low error rates are a general feature of gerygones' chick rejection behaviour. Recognition errors are most likely to occur in situations in which mimicry is highly accurate. In our study population, mimicry by little bronze-cuckoos was imperfect, because they had fewer nestling down-feathers than large-billed gerygone nestlings. However, host rejection was influenced more by the presence/absence of down-feathers than by the number of down-feathers per se. In addition, we found lower variation within than between broods in host down-feather abundance. This suggests that gerygones may be under selection for low intra-brood variation in the number of down-feathers to facilitate detection of cuckoo chicks, in much the same way as some other cuckoo hosts may experience selection for low intra-clutch variation in egg phenotype, facilitating detection of cuckoo eggs [30 -33] . Such a process would require either that host and cuckoo chicks were present in the nest together (which occurs in a minority of nests) or that hosts remember their own chick morphology from previous broods.
Some combination of innate true recognition and more flexible mechanisms in gerygones' chick rejection would be consistent with our understanding of egg rejection mechanisms. Egg rejecter species show variation within and between populations in the form and extent of egg rejection behaviour [24, 34] , and individual hosts' reactions towards foreign eggs may also vary with conditions or experience [35] . The existence of both consistent and flexible patterns of egg rejection behaviour implies that both innate and learning mechanisms can be involved [34] , and many host species appear to combine one or more variants of the true recognition process with proximate context-dependent factors when making rejection decisions [24] . Both egg rejection and chick rejection thus seem to be complex processes, using considerable mechanistic variation within and between species.
(b) Recognition-free discrimination Gerygones were more than twice as likely to reject a cuckoo chick if an adult cuckoo had visited the nest during the egg-laying period than if the nest was parasitized artificially, indicating that the opportunity to observe or interact with a cuckoo at the nest strongly influenced rejection behaviour, as has also been observed in another bronze-cuckoo host [11] . Moreover, our results showed the strongest effect of exposure to adult cuckoos in interaction with chick phenotype (table 1), suggesting that this cue on its own is not enough to prompt rejection and must be coupled with cues from the chicks themselves. This indicates that the combination of this contextual cue with one or more phenotypic cues may allow gerygones to substantially reduce the risk of mistakenly rejecting their own young, particularly given the accurate host-cuckoo nestling mimicry in this system [36 -39] .
Notably, if hosts use the presence of adult cuckoos as a cue to reject nestling cuckoos, the cue is 'recognition-free' with respect to chick phenotype, but does require the recognition of adult cuckoos. Based on behavioural responses, large-billed gerygones readily distinguish between adult cuckoos near their nests, which elicit mobbing, and predators or harmless species, which do not (F. Jacomb et al. 2015, unpublished data) [40] . Although it is unknown whether mobbing ever succeeds in preventing a cuckoo from laying, our results indicate that the recognition of adult cuckoos has an important role in gerygones' antiparasite defence, by increasing the accuracy of chick rejection decisions. Accordingly, our study provides support for strategy facilitation [41] , in which adaptations at one stage of the evolutionary arms race (in this case, the egg-laying stage) promote the evolution of defences at another stage (the nestling stage). We found no evidence that large-billed gerygones use two other candidate recognition-free cues: hatch order or discordancy. A simple 'reject the odd one out' rule is useful only when there are multiple chicks in the nest, and only one of these is a cuckoo, a condition that is rarely met in large-billed gerygones owing to the shorter incubation period of cuckoo nestlings and the small clutch size of gerygones. A strategy of 'reject the first hatched chick' would, in theory, be relatively effective for gerygones in ridding themselves of cuckoos, particularly if enacted only when adult cuckoos have been seen at the nest. However, the occurrence of multiple parasitism in this system (approx. 30% of all parasitized nests receive multiple cuckoos eggs [17, 42] ) reduces the benefit of such a rule of thumb substantially, because often another cuckoo will simply hatch to take the place of the rejected one.
(c) Implications for cuckoo -host coevolution and diversification in little bronze-cuckoos
Our results provide the first experimental demonstration that host defences can select for the evolution of nestling mimicry in a brood parasite. Previous work revealed that the nestlings of three bronze-cuckoo species are near perfect visual mimics of the host chicks they exploit [15] . Moreover, one host, the superb fairy-wren Malurus cyaneus, was less likely to reject cuckoo chicks of a species that specializes on fairy-wrens (Horsfield's bronze-cuckoo C. basalis) than a cuckoo species that uses fairy-wrens rarely (the shining bronze-cuckoo Chalcites lucidus) [9] . However, only recognition-free cues for chick discrimination were identified in this system, so it was unclear whether host rejection selected for mimicry of host young [11] . Furthermore, some forms of chick mimicry might arise for reasons other than host rejection [43] , such as to exploit biases in host -parent communication and extract the optimal resources from host parents [44] . While it remains possible that the visual mimicry of little bronzecuckoos also increases host provisioning rates, it seems likely that it has been primarily driven by gerygones' chick rejection behaviour. In this study, our focus was demonstrating that true nestling recognition can evolve, contrary to the predictions of theory based on an imprinting model of chick rejection [8] . Mis-imprinting constraints are not the only explanation, however, for the apparent scarcity of chick rejection across hosts of brood parasites. Effective rejection of cuckoo eggs can prevent the evolution of cuckoo chick rejection by making the cuckoo nestling a 'rare enemy', such that the benefits of discriminating against it are outweighed by the costs of recognition errors [7, 45, 46] . Curiously, large-billed gerygones do not reject foreign eggs even though little bronze-cuckoo eggs look very different from their own. This is surprising given that hosts suffer fewer costs of parasitism by implementing defences early in the breeding cycle rather than later. Indeed, three non-mutually exclusive explanations for this are that (i) egg rejection is constrained by poor visibility inside the nest, because dark-coloured bronze-cuckoo eggs are cryptic inside dark host nests [17, 26] , (ii) egg rejection is constrained by bill morphology, because cuckoo eggs are too large or thick-shelled to be ejected and methods of egg rejection that remove or abandon whole clutches are too costly [47] [48] [49] , and (iii) hosts may benefit by delaying rejection of the parasite until the chick stage when there is a risk of multiple parasitism, because allowing the cuckoo egg to remain in the nest reduces the probability that a host egg will be removed during subsequent parasitism events (the egg dilution hypothesis [17, 50] ).
Different subspecies of the little bronze-cuckoo exploit different hosts, and cuckoo mimicry of host nestlings can extend even down to the level of subspecies [51] . For example, C. m. minutillus mimics the dark skin and white down of nestling large-billed gerygones [15] , whereas C. m. barnardi mimics the pink skin and yellow down of the offspring of white-throated gerygones Gerygone albogularis [19, 43] . In addition, the little bronze-cuckoo occupies a wider distribution and has more subspecies than any other Chalcites cuckoos (10 described subspecies, compared to just one to four variants of other bronze-cuckoos) [52] . Although the rejection behaviour of other little bronze-cuckoo hosts remains to be studied, it is plausible that the observed variation in little bronze-cuckoo chicks has evolved in response to true recognition and chick rejection by their hosts, ultimately reinforcing reproductive isolation among cuckoo populations that exploit different host species [53] . Thus, unlike recognition-free mechanisms of chick rejection, true recognition of cuckoo chicks may have significant consequences for the coevolutionary trajectory of their parasites, by driving host-specific genetic diversification in parasite populations.
Ethics. The aim of this study was to explore the mechanism of chick rejection. While chick rejection by hosts leads to the death of the rejected chick, this experiment did not increase the frequency of chick death, because in a parasitized nest either the cuckoo chick or the host chicks always die under natural conditions. Our experimental manipulations may have influenced whether it was the cuckoo or the host chicks that died, but overall the experiments did not cause mortality in more nests than would happen naturally. All experiments were conducted under approval of the Australian National University Animal Experimentation Ethics Committee Protocol number A2016/16. Data accessibility. All data supporting this article are available from Dryad (http://dx.doi.org/10.5061/dryad.vv76g) [54] .
